Numerical simulations were used to design a variety of high-Q resonant cavities for integration into a terahertz 2D photonic crystal waveguide. After fabrication, the transmission characteristics of each integrated cavity were explored. These photonic waveguide-coupled cavities demonstrate resonances with linewidths approaching 10 GHz. The results compare favorably to previous observations of rectangular waveguide cavities. Good agreement between the experimental results and the numerical simulations was obtained. . This waveguide demonstrated attenuation approximately equal to or even less than that of a comparable rectangular waveguide over much of the 0 -4 THz experimental bandwidth. In addition to its favorable propagation characteristics, the photonic crystal waveguide has potential as a platform for integrated components. Thus far, photonic crystal waveguides have not been used to generate sharp THz resonances. However, photonic crystals have three distinct advantages as a base for cavity design. First, photonic crystals are capable of extremely high confinement. Second, it is simple to integrate cavities into photonic crystal waveguides by breaking the periodicity at certain points, i.e., removing individual cells of the lattice. Third, by using numerical techniques, it is possible to accurately design photonic crystal cavities with specified sharp resonances. Before fabricating the photonic crystal cavities, a variety of different designs were simulated using an FDTD method [12] . After simulations, the waveguide-coupled cavities with the sharpest resonant lines were chosen for fabrication. Scanning electron microscope (SEM) images of the different waveguide geometries are shown in Fig. 1 . The slight remaining surface structure, where the cavity has been cut, is subwavelength and has minimal effect on the transmission through the waveguides. WG-1 (not shown) is the reference waveguide with no cavity; coupled cavities WG-2-WG-5 are presented. The WG-2 cavity has been formed by simply removing a single cylinder in the waveguide sidewall. The WG-3 cavity is similar to WG-2 with one additional cylinder removed. WG-4 and WG-5 have a larger 3 ϫ 1 cavity, Fig. 1 . SEM images of the four waveguide coupled cavities.
Sensing technology is investigating the potential of high-Q resonances for high-sensitivity detection. Devices including microring resonator sensors [1] , whispering gallery mode microsensors [2] , and corrugated waveguides [3] are made possible owing to the extremely small shifts in either the resonance frequency or the strength of a specific resonance. Owing to this interest, a great deal of terahertz (THz) research has focused on finding ways to generate sharp resonances in an integrated system, typically by placing a defect in an ordered lattice. So far, these defects have been used in a variety of THz waveguide settings, including whispering gallery mode resonators [4] , corrugated waveguides [3, 5] , photoniccrystal-filled waveguides [6, 7] , and waveguidecoupled resonators [8] . Numerical studies of a photonic crystal waveguide consisting of coupled resonators have demonstrated sensing potential, with the resonant frequency shifting approximately 20 GHz for index variations on the order of 2% [9] . In the subTHz region ͑100 GHz͒ a dielectric photonic crystal waveguide was utilized as a sensor by filling the air holes with liquids [10] .
At the same time, integrated 2D channels have been demonstrated in a photonic crystal waveguide at THz frequencies [11] . This waveguide demonstrated attenuation approximately equal to or even less than that of a comparable rectangular waveguide over much of the 0 -4 THz experimental bandwidth. In addition to its favorable propagation characteristics, the photonic crystal waveguide has potential as a platform for integrated components. Thus far, photonic crystal waveguides have not been used to generate sharp THz resonances. However, photonic crystals have three distinct advantages as a base for cavity design. First, photonic crystals are capable of extremely high confinement. Second, it is simple to integrate cavities into photonic crystal waveguides by breaking the periodicity at certain points, i.e., removing individual cells of the lattice. Third, by using numerical techniques, it is possible to accurately design photonic crystal cavities with specified sharp resonances. Before fabricating the photonic crystal cavities, a variety of different designs were simulated using an FDTD method [12] . After simulations, the waveguide-coupled cavities with the sharpest resonant lines were chosen for fabrication. Scanning electron microscope (SEM) images of the different waveguide geometries are shown in Fig. 1 . The slight remaining surface structure, where the cavity has been cut, is subwavelength and has minimal effect on the transmission through the waveguides. WG-1 (not shown) is the reference waveguide with no cavity; coupled cavities WG-2-WG-5 are presented. The WG-2 cavity has been formed by simply removing a single cylinder in the waveguide sidewall. The WG-3 cavity is similar to WG-2 with one additional cylinder removed. WG-4 and WG-5 have a larger 3 ϫ 1 cavity, which is displaced from the waveguide channel by either one or two cylinders, respectively. All of the cavities produce sharp THz resonances in the first passband of the waveguide.
The fabrication of the photonic crystal lattice follows a procedure similar to what has been previously published [13] . The crystal lattice consists of 70 m tall, 108 m diameter cylinders with a period of 160 m. It should be noted that these cylinders have a ϳ40 m larger diameter than for the previous waveguide demonstration [11] . This lattice was patterned onto a wafer, which was diced into a 25.4 mm wideϫ 9.43 mm long photonic chip. The five separate waveguide channels, four with different coupled cavities, were then cut into the lattice by hand with a tungsten dissecting probe. Each waveguide channel was separated on each side by a minimum of 15 rows, or 2.4 mm, ensuring that there was no cross talk between channels. After cutting the channels through the photonic crystal lattice, the chip was metallized with 400 nm of gold and placed into a matched 9.43 mm long aluminum parallel plate waveguide. The waveguide was then placed in the confocal beam waist of a standard THz-TDS system [14] . Two hyperhemispherical silicon lenses are used to couple the THz beam into and out of the waveguide [15] . Time-domain data were then taken for each of the five waveguides in sequential order. After data for one waveguide cavity were taken, the silicon lenses were moved back, and the waveguide holder was vertically displaced to the next waveguide cavity. The lenses were then brought back into contact with the waveguide, and the process was repeated. Figures  2(a)-2(e) show the THz pulses transmitted through each of the five waveguides. For purposes of illustration, the pulses are only shown to 65 ps, although the measured ringing cleanly extends to 130 ps until the arrival of reflections from the silicon lenses. Scans longer than 130 ps were also taken to ensure that the resonances were completely resolved, but the resonance's strength and linewidth did not vary. All five pulses show significant broadening due to propagation through the 9.43 mm long dispersive photonic crystal cavity waveguides [9, 15] .
The Fourier-transformed output spectra for the four cavity waveguides are shown in Fig. 3 . Each of the output spectra has been normalized to WG-1. While the spectrum from WG-1 is similar to the previous demonstration of a photonic crystal waveguide [11] , the subsequent waveguides (each with a different coupled cavity) all have additional sharp resonant lines. While there are a number of sharp features in each of the spectra, the focus here will be on resonances in the first passband, where the transmission is cleanest. The relatively simple cavity of WG-2 has a line at 0.914 THz, with an approximate FWHM power linewidth of 42 GHz. WG-3 has two sharp resonances at 0.737 and 0.982 THz with corresponding FWHMs of 18 and 37 GHz. WG-4 has resonances at 0.903 and 1.034 THz with corresponding FWHMs of 24 and 13 GHz. The most complex cavity, WG-5, has resonances at 0.757, 0.948, and 1.034 THz with corresponding FWHMs of 26, 22, and 16 GHz. These values are considered accurate to ±3 GHz. In addition, all of the coupled-cavity waveguides show sharp oscillations in the first passband, which are not present in the reference waveguide. These oscillations result from internal reflections due to the insertion of a cavity into the waveguide. Figure 4 shows the comparison of simulation (solid curve) and experiment (dashed curve with dots) for WG-4 in the first passband. The simulations were performed with matching geometrical parameters but with perfectly conducting cylinders [12] . The transmitted output pulse was calculated in the 2D plane with 5 m steps to a 130 ps temporal extent. The amplitude Fourier transform of this calculated pulse is shown in Fig. 4 . Similar results were obtained with 2 m steps. The simulated spectrum has been linearly scaled to match the experimental spectrum. The match between the two spectra is excellent for the resonant lines at 0.903 and 1.034 THz. The perfect conductivity of the cylinders in the simulation allows longer pulse ringing, as shown by the sharp oscillations between 0.65 and 0.9 THz. These oscillations develop in the experimental spectrum as the frequency increases above the cutoff frequency, where the absorption is highest.
The resonant cavity frequencies, v o , and the power FWHM linewidths, ⌬v, for all of the experimental results are compared to the numerical simulations in Table 1 . The linewidths include both cavity and coupling loss [8] . The match between the theory and experiment is again excellent, as all of the resonant frequencies for the simulations match the experimental resonant frequencies to within 10 GHz. Additionally, the experimental linewidths are in good agreement with the slightly sharper simulated linewidths, as the infinite conductivity of the cylinders in the simulation allows longer cavity lifetimes. The strong overlap between numerical simulations and the experiment allows an accurate design for future experiments and applications.
The resonances in the photonic crystal waveguide cavities are notably sharper than the previously demonstrated traditional cavities in a rectangular waveguide, which had typical FWHM linewidths of 50 GHz [8] . This is especially interesting as the photonic crystal waveguides have sharper lines despite having significantly larger apertures. For comparison, the aperture of the photonic crystal cavities is a minimum of ϳ210 m wide. For the rectangular waveguide cavities, the aperture is 110 m wide, almost twice as small. Additionally, the photonic crystal boundary lacks the complete metallic boundary on the sidewalls of the cavity.
We have demonstrated cavities with sharp resonances coupled to a THz 2D photonic crystal waveguide. The more complex cavities produced sharper resonances, which vary in FWHM linewidths from 13 to 42 GHz. The numerical simulations provide an excellent match for the experimental results. When compared to previous work involving traditional THz rectangular waveguides with side-coupled resonators, the photonic cavity resonances are up to four times sharper. It is expected that even sharper resonances could be observed as more advanced cavities are developed. These integrated photonic cavities represent the first of many potential integrated devices within the THz photonic crystal waveguide.
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